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The pathogenesis of allergic asthma involves the interplay of 
inflammatory cells and resident airway cells, and of their 
secreted mediators including cytokines, chemokines, growth 
factors and inflammatory mediators. Tyrosine kinase signaling 
cascades play a critical role in the pathogenesis of allergic 
airway inflammation. Receptor tyrosine kinases (e.g. epidermal 
growth factor receptor [EGFR] and platelet-derived growth 
factor receptor) are important for the pathogenesis of airway 
remodeling. Stimulation of non-receptor tyrosine kinases (e.g. 
Lyn, Lck, Syk, ZAP-70, Btk, Itk and JAK) is the earliest 
detectable signaling response upon activation of immune 
receptors (T cell receptor, B cell receptor and FCsR1), cytokine 
receptors and chemokine receptors in inflammatory cells. 
Activation of tyrosine kinases invokes multiple downstream 
signaling pathways, including phosphoinositide 3-kinase 
(PI3K), mitogen-activated protein kinase (MAPK) and nuclear 
factor-KB (NF-kB), leading to cell differentiation, survival, 
proliferation, degranulation and chemotaxis. Inhibitors targeted 
at different enzyme molecules of the tyrosine kinase signaling 
cascade might afford therapeutic potential for asthma. Anti- 
inflammatory effects of pharmacological agents targeted at 
tyrosine kinases, Syk, Itk, signal transducer and activator of 
transcription-1, NF-kB, GATA3, EGFR, PI3K, MEK1/2, p38 
MAPK and JNK have been reported in animal models of allergic 
airway inflammation. Therefore, development of inhibitors 
targeted .at the tyrosine kinase signaling cascade is an 
attractive strategy for the treatment of asthma. 
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Introduction 

Asthma is a chronic disease of the lungs characterized by 
bronchial eosinophilic inflammation and airway hyperre- 
sponsiveness. Lung biopsy studies in asthmatics have 
revealed pulmonary infiltration of eosinophils, lympho- 



cytes, macrophages and mast cells, and structural changes 
of the airways including airway wall thickening, sube- 
pithelial fibrosis, and goblet cell and airway smooth 
muscle cell hyperplasia that are commonly referred to 
as airway remodeling [1,2]. T-helper 2 (Th2) cells 
together with other inflammatory cells and resident air- 
way cells are proposed to play a critical role in the 
initiation and perpetuation of allergic airway inflamma- 
tion [3]. Interleukin (IL)-4, IL-5 and IL-13 are the best- 
characterized Th2 cytokines. IL-4 is important for Th2 
response development and promotes B cell switching to 
IgE production. IL-13 promotes mucus production, air- 
way hyperresponsiveness, eotaxin expression and trans- 
forming growth factor-P production [4]. IL-5 is important 
for eosinophil terminal differentiation, recruitment, acti- 
vation and airway remodeling [5]. Crossing-linking of 
IgE-bound FceRI on mast cells leads to degranulation 
and immediate release of histamine, leukotrienes, tryp- 
tase and other pro-inflammatory mediators. Mast cell- 
derived tryptase has been shown to promote airway 
eosinophilia, hyperplasia, fibrosis and hyperresponsive- 
ness via activation of the proteinase-activated receptor 2, 
a member of the seven-transmembrane G-protein- 
coupled receptor (GPCR) superfamily [6]. Chemokines 
such as eotaxin and RANTES (regulated on activation 
normal T cell expressed and secreted) play a critical role 
in recruiting T cells and eosinophils to the airways. 
Chemokine receptors constitute another subfamily of 
GPCRs. Both Th2 cells and eosinophils express high 
levels of CCR3, which can be selectively activated by 
eotaxin, RANTES and several other chemokines [7]. It 
has been shown that expression of epidermal growth 
factor (EGF) and its receptor (EGFR) is increased in 
asthmatic human airways [8], In human airway smooth 
muscle cells, both EGF and platelet-derived growth 
factor have been shown to promote EGFR and 
platelet-derived growth factor receptor tyrosine auto- 
phosphorylation, leading to transcription factor activation 
and proliferation [9]. EGFR activation also plays a major 
role in modulating mucus production in airway epithe- 
lium. Asthma is associated with airway goblet cell hyper- 
plasia and enhanced mucin gene expression. EGF and 
eosinophil-derived transforming growth factor-a, another 
natural ligand for the EGFR, have been shown to stimu- 
late MUC5AC mucin gene expression and protein synth- 
esis in a human airway epithelial cell line, and goblet cell 
proliferation [10]. Cumulative findings indicate that pro- 
tein tyrosine kinase signaling cascades are closely 
involved in almost all processess of the pathogenesis of 
asthma, and that pharmacological inhibition of some of 
these critical signaling molecules might have therapeutic 
effects for asthma (Figure 1) [11]. 



Current Opinion in Pharmacology 2005, 5:264-271 



www.sciencedirect.com 



Inhibitors of the tyrosine kinase signaling cascade for asthma Wong 265 



Figure 1 
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Tyrosine kinase signaling cascades activated by various transmembrane receptors leading to the pathogenesis of allergic airway inflammation. 
AP-1, activator protein 1; BCR, B cell receptor; CaM, calmodulin; DAG, diacylglycerol; FAK, focal adhesion kinase; FceRI, high-affinity 
IgE-binding receptor; FKHR-L1, forkhead related-ligand 1; IP 3 , inositol (3,4,5) triphosphate; IkB, inhibitory kB; IkK, IkB kinase; Itk, inducible 
T cell kinase; LAB, linker for activation of B celts; p70S6K, p70S6 kinase; PDK1 , phosphoinositide-dependent kinase 1 ; NF-AT, nuclear factor of 
activated T ceils; SLP-76, SH2 domain-containing leukocyte protein of 76 KDa; Syk, spleen tyrosine kinase. 



This review begins with discussion of the role of tyrosine 
kinase signaling cascades in mediating activation of T cell 
receptors (TCRs), B cell receptors, FceRI, cytokine 
receptors, GPCRs and receptor tyrosine kinases, as well 
as their role in inflammatory responses. This is followed 
by a summary of the effects of inhibitors of the tyrosine 
kinase signaling cascades in various animal models of 
allergic asthma. The review concludes by discussing 
the potential use of inhibitors targeted at the tyrosine 
kinase signaling cascade for the treatment of asthma. 

Tyrosine kinase signaling cascades 
in asthma 

Receptor tyrosine kinases 

Protein tyrosine kinases (both receptor tyrosine kinases 
and non-receptor tyrosine kinases) are essential for the 
activation and proliferation of inflammatory cells and 
resident airway cells. Growth factor receptors (e.g. EGFR 
and platelet-derived growth factor receptor) are trans- 
membrane receptor tyrosine kinases. Upon activation, 
these receptors undergo dimerization and tyrosine autop- 
hosphorylation, followed by recruitment and activation of 
signaling molecules that contain src homology 2 (SH2) 
and phosphotyrosine binding domains, including non- 



receptor tyrosine kinase Src, phosphoinositide 3-kinase 
(PI3K) and phospholipase C7 (PLC7), resulting in airway 
smooth muscle proliferation and mucus hypersecretion 
[9,10]. 

Non-receptor tyrosine kinases 

The earliest detectable signaling response upon immu- 
noreceptor activation in mast cells [12], T cells [13] and B 
cells [14] is the stimulation of non-receptor tyrosine 
kinases. Immune receptors, including the high-affinity 
IgE receptor (FceRI), TCR and B cell receptor, are 
composed of antigen-binding subunits and signal trans- 
ducing subunits. The signal transducing chain is encoded 
with one or more copies of an unique amino acid 
sequence [Y(2X)I/L(6-8X)Y(2X)I/L] termed immunore- 
ceptor tyrosine-based activation motifs (ITAMs) [15]. 
Upon tyrosine phosphorylaton activation, IT AM serves 
as a docking site for downstream signaling molecules and 
adaptor proteins containing SH2 or phosphotyrosine 
binding domains, leading to multiple cascades of signal 
transmission. For TCR activation, ITAMs located in the 
CD3 molecule are tyrosine phosphorylated by Lck and 
Fyn, two Src family tyrosine kinases, followed by recruit- 
ment and activation of SH2-containing ZAP-70, a mem- 
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ber of the Syk family tyrosine kinase. These activated 
tyrosine kinases then phosphorylate downstream adaptor 
molecules such as LAT (linker for activation of T cells) 
and SLP-76 (SH2 domain-containing leukocyte protein 
of 76 kDa), leading to activation of multiple downstream 
signaling molecules such as inducible T cell kinase (Itk; a 
member of the Tec family tyrosine kinase), PLC7I and 
PI3K [13]. For B cell receptor activation, ITAMs are 
tyrosine phosphorylated by Src-family kinases such as 
Lyn, Fyn or Blk, followed by Syk recruitment and activa- 
tion. Tyrosine phosphorylation of BLNK (also known as 
SLP-65) and linker for activation of B cells (LAB) by Syk 
leads to activation of Bruton's tyrosine kinase (Btk; 
another member of Tec family tyrosine kinases), PLC72 
and PI3K for downstream signal propagation [14]. FcsRI 
is a tetrameric protein (c*P7 2 chains) consisting of the IgE- 
binding a chain, a signal-amplifying p chain and two 
disfulfide-linked 7 chains, which contain the ITAMs for 
signal transduction. Cross-linking of FceRI by multiva- 
lent antigen activates Lyn, a member of Src-family 
kinases, followed by Syk recruitment and activation. This 
is followed by tyrosine phosphorylation of LAT and SLP- 
76 and activation of Btk, PLC7 and PI3K, leading ulti- 
mately to mast cell degranulation and activation [12]. Tec 
family kinases can activate PLCy leading to hydrolysis of 
phophatidylinositol 4,5-bisphosphate [PtdIns(4,5)P 2 ] into 
inositol (3,4,5)-trisphosphate and diacylglycerol, which in 
turn mobilize intracellular Ca 2+ and activate isoforms of 
protein kinase C (e.g. PKCp, PKC£ and PKC6) [16]. 
Isoforms of PKC are essential for activation of the tran- 
scription factor nuclear factor-KB (NK-kB) by immune 
receptors via sequential phsophorylation and stimulation 
of CARMA1/BCL10/MALT1 and inhibitory kB kinases, 
and ubiquitination of inhibitory kB kinases [17]. 
Increased NK-kB activity in lung cells has been observed 
in asthmatic subjects and in animal models of asthma, and 
is essential for Th2 differentiation in allergic airway 
inflammation [18,19], 

P13K pathway 

Upstream tyrosine kinase activation and phosphorylation 
of ITAM and adaptor proteins generate multiple down- 
stream signaling cascades of which the PI3K and mito- 
gen-activated proein kinase (MAPK) pathways are 
considered critical for inflammatory cell activation, dif- 
ferentiation, survival, chemotaxis and proliferation. PI3Ks 
are divided into four classes, namely IA, IB, II and III, on 
the basis of their structural characteristics and substrate 
specificities. Glass IA PI3K is activated by tyrosine phos- 
phorylation and its genetic knockout mice reveal 
impaired T cell, B cell and mast cell responses [20,21]. 
Upon activation, PI3K converts the plasma membrane 
lipid PtdIns(4)P and PtdIns(4,5)P 2 to PtdIns(3,4)P 2 and 
PtdIns(3,4,5)P 3j respectively, by phosphorylation of the 
D3 position of the inositol ring of the phospholipids. 
PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 then act as targeting 
sites for downstream signaling effectors with pleckstrin 



homology, phox homology or FYVE domains, including 
serine/threonine kinases of the AGC (cAMP- and cGMP- 
dependent protein kinases and protein kinase C) family, 
such as Akt (also called protein kinase B) and phosphoi- 
nositide-dependent kinase 1, and the Tec family of 
tyrosine kinases, such as Tec, Btk and Itk [22]. As men- 
tioned above, Tec kinase can activate PLC-y leading to 
mobilization of intracellular Ca 2+ and activation of PKC 
isoforms [16]. Class IB PI3K is stimulated by chemokine 
GPCR activation via the G$y subunit of the heterotri- 
meric G protein, and its genetic knockout mice reveal 
defective dendritic cell migration in response to chemo- 
kines and impaired adaptive immunity [23]. 

MAPK pathway 

MAPK signaling cascades can be initiated upon activation 
of immune receptors, growth factor receptors, cytokine 
receptors and chemokine receptors through a three-tiered 
sequential phosphorylation of MAPK kinase kinase 
(MAP3K or MKKK), MAPK kinase (MAP2K or MEK 
or MKK) and MAPK, There are three major groups of 
MAPK in mammalian cells: extracellular signal-regulated 
protein kinase (ERK), p38 MAPK and c-Jun NH 2 -term- 
inal kinase (JNK). ERK1 and ERK2 are activated by dual 
phosphorylation at the tripeptide motif Thr-Glu-Tyr by 
their direct upstream kinases MEK1 and MEK2, respec- 
tively. p38 MAPKs exist in four distinct isoforms (a, (3, 7 
and 8) and are activated by dual phosphorylation at a Thr- 
Gly-Tyr motif by their direct upstream kinases MKK3 
and MKK6. JNK1, 2 and 3 are activated by dual phos- 
phorylation at a Thr-Pro-Tyr motif by their direct 
upstream kinases MKK4 and MKK7 [24], The phosphor- 
ylation states and/or activities of all three MAPK mem- 
bers (ERK, p38 MAPK and JNK) are upregulated in 
animal models of asthma [25,26,27**]. In turn, MAPK 
enhances the transcriptional activities of activation pro- 
tein 1, ATF2 and c-Jun, leading to gene expression, 
cytokine production, differentiation and proliferation of 
inflammatory cells [24]. 

JAK-STAT pathway 

Cytokine receptors are transmembrane receptors and can 
be classified into five families: gpl30 family, IL-2 recep- 
tor (7 chain) family, growth hormone (single-chain) 
family, IFN family and gpl40 family. Receptors for IL- 
4 and IL-13 belong to the 7 chain family, which uses a 
common 7 subunit for signal transduction. By contrast, 
IL-5 receptor uses the gpl40 family (p chain) for signal 
transduction. Cytokines induce receptor oligomerization 
and activation of a family of non-receptor tyrosine kinase, 
the Janus kinases (JAK1, JAK2, JAK3 and TYK2). Each 
JAK isoform is specifically linked to the cytoplasmic tails 
of different cytokine receptors, leading to tyrosine phos- 
phorylation of particular cytokine receptors and subse- 
quent recruitment and activation of a family of 
transcription factors named STAT (signal transducer 
and activator of transcription). STAT has seven family 
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members and phosphorylated STATs form homo- or 
hetero-dimers in the cytoplasm and subsequently trans- 
locate to the nucleus to regulate selective gene expression 
[28]. Activation of IL-4 receptor stimulates JAK1 (asso- 
ciated with IL-4Ra chain) and JAK3 (associated with 7 
chain) followed by selective activation of STAT6. Con- 
versely, IL-13 can activate both IL-4Ra chain and 
IL-13Rod chain to stimulate JAK1 and TYK2, leading 
to selective activation of STAT6. STAT6 is critical for 
Th2 cell differentiation through selective upregulation of 
a Th2-selective transcription factor GATA3. STAT6- 
deficient mice failed to develop allergic airway inflam- 
mation [29]. Genetic ablation of GATA3 suppressed Th2 
cell differentiation and proliferation, and Th2 cytokine 
expression [30]. 

GPCR pathway 

Activation of chemokine receptors triggers multiple 
cascades of signaling events that lead to recruitment 
and activation of immune effector cells. There is increas- 
ing evidence showing that chemokines induce chemo- 
kine receptor dimerization and JAK-STAT signaling 
pathway activation. RANTES invokes rapid tyrosine 
phosphorylation of its cognate receptor CCR5 on human 
T cells, activation of JAK2 and JAK3 and formation of 
STAT1 and STAT3 dimers, stimulation of PI3K activity 
via the Gp^ subunit, and activation of ZAP-70 tyrosine 
kinase and focal adhesion kinase via transactivation of 
the TCR [31]. GPCR agonists such as thrombin, brady- 
kinin and lysophosphatidic acid can also invoke tyrosine 
kinase signaling cascades via transactivation of receptor 
tyrosine kinases (e.g. EGFR), leading to PI3K and 
MAPK pathway stimulation in airway smooth muscle 
cells [32]. 

The role of tyrosine kinase signaling cascades in allergic 
airway inflammation is beginning to emerge and, as these 
cascades are triggered by a variety of immune-associated 
receptor systems, inhibition of these signaling cascades is 
expected to produce anti-inflammatory and anti-remodel- 
ing effects in asthma [33**], 

Inhibitors of the tyrosine kinase signaling 
cascade for asthma 

Tyrosine kinase inhibitors 

For an extensive review on tyrosine kinase inhibitors in 
asthma, please read a recent review by Wong and Leong 
[33**]. A recent study using an isoflavone compound, 
genistein (a broad-spectrum non-selective tyrosine kinase 
inhibitor), showed that this significantly attenuated anti- 
gen-induced acute bronchoconstriction and airway hyper- 
responsiveness to inhaled methacholine in an in vivo 
guinea-pig model of asthma. Genistein also reduced 
antigen-induced increases in total cell count, eosinophil 
count and eosinophil peroxidase activity recovered in 
bronchoalveolar lavage (BAL) fluid, and airway eosino- 
philia (Table 1) [34**]. The non-receptor tyrosine kinase 



Syk is critically involved in immunoreceptor signaling in 
leukocytes, and selective Syk inhibition might be bene- 
ficial for asthma [35*]. Using aerosolized Syk-selective 
antisense oligonucleotides (ASOs), Stenton et aL [36] 
showed that antigen-induced eosinophil infiltration into 
the lungs, leukocyte cell surface expression of adhesion 
molecules such as (3 2 integrin, 0:4 integrin and intercel- 
lular adhesion molecule-1, and tumor necrosis factor-a 
(TNF-a) production were suppressed in a rat model of 
asthma. In addition, an orally available selective Syk 
inhibitor (BAY61-3606) dose-dependently suppressed 
antigen-induced acute bronchoconstriction and bronchial 
edema in a passively sensitized rat model of acute asthma, 
as well as antigen-induced airway esoinophilia in an 
actively sensitized rat model of asthma [37]. Itk, a T 
cell-specific member of the Tec family of tyrosine 
kinases, plays a key role in relaying upstream TCR 
activation signals to downstream PLC7I activation and 
Ca 2+ mobilization [16]. Mice lacking Itk have drastically 
reduced allergic airway inflammation [38], Itk-selective 
inhibitors BMS-488516 and BMC-509744 have recently 
been shown to suppress the production of IL-2 induced 
by anti-TCR antibody when given to mice. In addition, 
BMC-509744 dose-dependently prevented antigen- 
induced leukocyte infiltration into the lung in a mouse 
model of asthma [39**]. JAK3 is important for common 7 
chain-associated cytokine receptor signaling, which 
drives IL-4-mediated Th2 responses and STAT6 activa- 
tion. The JAK3 inhibitor WHI-P97 has been shown to 
prevent antigen-induced airway hyperresponsiveness and 
eosinophil infiltration into the airways. Nevertheless, the 
specificity of WHI-P97 for JAK3 remains to be deter- 
mined [40]. CP-690560 is by far the most selective 
inhibitor for JAK3 being developed and has been shown 
to be a potent immunosuppressant in a transplantation 
model [41]. As JAK3 is critical for IL-4-mediated Th2 
development, CP-690560 is anticipated to demonstrate a 
beneficial effect in asthma, STAT1 activity is upregu- 
Iated in epithelial cells of asthmatic patients, which is 
critical for the expression of genes encoding co-stimula- 
tory molecules (e.g. CD40) and adhesion molecules (e.g. 
vascular cell adhesion molecule [VCAM-1]). Using intra- 
tracheally administered STAT1 -selective decoy oligo- 
deoxynucleotides, Guarcoo et ai. [42**] have recently 
demonstrated anti-inflammatory effects on antigen- 
induced airway eosinophil infiltration, cytokine produc- 
tion, hyperresponsiveness and expression of CD40 and 
VCAM-1 in a mouse model of asthma. NF-kB is a critical 
transcription factor for Th2 cell differentiation and cyto- 
kine production in allergic airway inflammation [17-19]. 
Intratracheal administration of decoy oligodeoxynucleo- 
tides targeted at NF-kB strongly attenuated allergic air- 
way inflammation, airway hyperresponsiveness, and local 
production of mucus, IL-5, IL-13 and eotaxin in a mosue 
asthma model [43**]. In a separate study using ASOs 
targeted at NF-kB, airway inflammatory cell infiltration, 
local IL-4, IL-5 and TNF-a production, serum levels of 
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Table 1 



Effects of inhibitors of the tyrosine kinase signaling cascades in animal models of asthma. 
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AHR, airway hyperresponsiveness; ASM, airway smooth muscle; DN PI3K-TAT, dominant negative PI3K-TAT; ECP, eosinophil cationic protein; EPO, 
eosinophil peroxidase; Itk, inducible T cell kinase; ND, no data; ODN, oligodeoxynucleotide; Syk, spleen tyrosine kinase. 



antigen-specific IgE and airway hyperresponsiveness 
were significantly suppressed in a mouse model of asthma 
[44]. GATA3, a transcription factor regulated by STAT6 
and NF-kB, is implicated in ThZ development in mouse 
and human T cells and is upregulated in bronchial biopsy 
specimens from asthmatic patients [3,30], Intranasal 
administration of ASOs targeted at GAT A3 suppressed 
antigen-induced airway inflammatory cell infiltration, 
mucus hypersecretion, hyperresponsiveness and IL-4 
production in a mouse asthma model [45]. EGFR activa- 
tion is associated with airway mucus production and 
airway remodelling; selective inhibition of EGFR tyro- 
sine kinase is anticipated to produce anti-inflamamtory 
effects in asthma. Intratracheal instillation of the EGFR 
inhibitor AG-1478 dose-dependently inhibited airway 
eosinophil infiltration, hyperresponsiveness, mucus and 
MUC5AC production and collagen deposition in a mouse 
model of asthma [46]. 

PI3K inhibitors 

Class 1A PI3K can be directly invoked by receptor 
tyrosine kinases and non-receptor tyrosine kinases, 
whereas Class IB PI3K is directly activated by the 
GP7 subunit of the heterotrimeric G protein upon GPCR 
activation. A PI3K isoform-specific inhibitor is still not 
available. LY294002 and wortmanin are the two com- 
monly used PI3K inhibitors but they do suffer from some 
non-specific activities. Two recent reports [47 # ",48] 



revealed anti-inflamamtory effects of intratracheally 
administered LY294002 in mouse asthma models by 
suppressing antigen-induced airway inflammatory cell 
infiltration, production of IL-4, IL-5, IL-13, eosinophil 
cationic protein and eotaxin in BAL fluid, goblet cell 
hyperplasia, and airway hyperresponsiveness. These find- 
ings are further strengthened by similar observations 
using a dominant-negative mutant of the Class 1A 
PI3K in a mouse model of asthma [49]. 

MAPK inhibitors 

MAPK is the converging point of many upstream signal- 
ing pathways initiated by receptor tyrosine kinases, 
immunoreceptors, cytokine receptors and GPCRs. 
MAPK pathways control many downstream signaling 
molecules and transcription factors critical for gene reg- 
ulation. As such, inhibition of MAPK signaling pathways 
is expected to produce anti-inflammatory effects in 
asthma. A recent report by Duan era/. [50**] showed that 
U0126, a potent and selective MEK1/2 inhibitor through 
ablation of ERK1/2 activation, significantly blocked anti- 
gen-induced airway inflammatory cell infiltration, levels 
of IL-4, IL-5, IL-13 and eotaxin in BAL fluid, serum 
antigen-specific IgE levels, mucus production, VCAM-1 
expression and airway hyperresponsiveness in a dose- 
dependent manner in a mouse asthma model. p38 MAPK 
has been a major therapeutic target for rheumatoid arthri- 
tis, as earlier studies revealed a role for p38 MAPK in the 
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regulation of TNF-a translation [24]. Recently, two stu- 
dies examined the potential anti-inflammatory effects of 
p38 MAPK inhibition in animal models of asthma. Oral 
SB239063, a potent and selective p38 MAPK inhibitor, 
significantly inhibited antigen- and leukotriene D4- 
induced eosinophil infiltration in both mouse and gui- 
nea-pig models of asthma. In addition, SB239063 pro- 
moted apoptosis of eosinophils isolated from guinea-pig 
BAL fluid [51]. Using respirable isoform-selective p38a 
MAPK ASOs, Duan et at. [52**] demonstrated significant 
beneficial effects in a mouse asthma model through 
reduction of antigen-induced airway inflammatory cell 
infiltration, levels of IL-4, IL-5 and IL-13, mucus hyper- 
secretion and hyperresponsiveness. Targeting JNK using 
the selective inhibitor SP600125 has also revealed anti- 
inflammatory effects in a rat model of asthma by inhibit- 
ing antigen-induced airway inflammatory cell infiltration 
(see also Update) [27"]. 

Conclusions 

Substantial effort has been made to design drugs that 
target the tyrosine kinase signaling cascades for a variety 
of diseases including allergic inflammation [53-57]. Only 
a few of these inhibitors have been tested in in vivo animal 
models of asthma, and nearly all of these studies are at the 
early pre-clinical stage and require follow-up studies 
involving pharmacokinetic and toxicological analyses. 
As some of these signaling molecules in the tyrosine 
kinase signaling cascade are expressed ubiquitously, it 
is paramount to investigate potential side effects asso- 
ciated with the use of inhibitors targeting this signaling 
cascade. To circumvent systemic exposure to these sig- 
naling inhibitors, topical application (e.g. using an aerosol 
device for asthma therapy) is preferred to attain high local 
drug concentrations and activities. Intratracheal ASOs 
targeted at several critical signaling enzymes have shown 
beneficial effects in allergic airway inflammation. Those 
findings support a novel approach using topical ASO 
administration for inflammatory lung diseases. Tyrosine 
kinase signaling cascades represent an attractive target 
pathway for anti-inflammatory therapy for asthma, and 
target-specific inhibition of the tyrosine kinase signaling 
cascades might offer beneficial therapeutic effects in 
allergic airway inflammation. 

Update 

Recent work has demonstrated that SP600125 is able to 
suppress the antigen-induced increase in eosinophil and 
lymphocyte numbers in BAL fluid, eosinophil infiltration 
in bronchial submucosa, goblet cell and airway smooth 
muscle cell hyperplasia, and airway hyperresponsiveness 
in a chronic mouse asthma model [58"]. 
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Pharmaceuticals, Inc. since 1989. 

2, I am personally aware of results demonstrating a lack of efficacy of oligonucleotides 
targeted to Jun-N-terminal Kinase (JNK-1), a MAP kinase, in the treatment of airway 
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3. Two different oligonucleotides targeted to mouse JNK-1 were selected for further 
testing based on their successful inhibitory activity in in vitro studies. The oligonucleotides were 
tested for efficacy in the treatment of airway hyperresponsiveness and pulmonary inflammation 
using a mouse asthma model similar to that described in Examples 30-32 of the instant 
application. The oligonucleotides were administered into the lungs of the mice by inhalation. 

4. The endpoints assayed were airway hyperresponsiveness as determined by Penh, and 
inflammation as determined by eosinophil recruitment into the lung. Penh is a dimensionless 
parameter that is a function of total pulmonary airflow in mice during the respiratory cycle of the 
animal. Inhibition of Penh response to induction of airflow obstruction was done using 
metacholine. The lower the Penh value, the greater the airflow. A decrease in Penh is indicative 
of a decrease in airway hyperresponsiveness. Eosinophil recruitment into the lung are indicative 
of inflammation. 

5. As shown in Figure A, treatment with three doses each of two different antisense 
oligonucleotides targeted to JNK-1 were not effective at reducing Penh at any of the doses of 
methacholine challenge, regardless of oligonucleotide dose. This absence of a significant effect 
for the 100 mg/ml dose of methacholine can be more easily seen in Figure B. There is no 
significant difference between treatment with oligonucleotides targeted to JNK-1 and saline 
vehicle. 

6. As shown in Figure C, treatment with three doses of each of two different 
oligonucleotides does not reduce eosinophil recruitment to airways in the asthma model. There 
is no significant difference between treatment with oligonucleotide targeted to JNK-1 and saline 
vehicle. 
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